Introduction
Neoclassical and endogenous growth models yield strikingly different predictions regarding the determinants of long-run growth rates and their implications for long-run cross-country convergence characteristics. On the one hand, Mankiw, Romer, and Weil (1992) and Barro and Salai-Martin (1995) have shown that countries converge to identical growth rates, but to distinct income levels. 1 Since these empirical findings run counter to the predictions of endogenous growth models, they have cast doubt on the relevance of such models to explain long-run cross-country convergence and transition paths. On the other hand, while the empirical evidence confirms the implications of the traditional neoclassical in terms of cross-country convergence, calibrations show that the neoclassical model's implied convergence speed of about 7 percent, greatly exceeds the empirical estimates of approximately 2 percent. This excessive speed of convergence is also accompanied by implausibly high rates of return (in the standard model) or by implausible rates of investment (in models with human capital). 2 In addition, Bernard and Jones (1996a) maintain that the neoclassical convergence approach overemphasizes capital accumulation at the expense of technological change. They document that, at least since the 1970s, there exists little evidence for cross-country convergence of manufacturing technologies within the OECD.
In this paper we seek to reconcile these empirical findings by using a two-sector model of capital accumulation that incorporates endogenous technological change (knowledge). To do so, we examine the transition dynamics and convergence characteristics of a new class of non-scale growth models. 3 In many respects these models are a hybrid of endogenous and neoclassical models, and indeed the traditional Solow-Swan model is a special example. Technology is endogenous as in Romer (1990) , and emerges as the outcome of agents' optimizing behavior, while the dynamic characteristics are similar to those of the neoclassical model. But in contrast to the latter, as our calibration exercises highlight, the two-sector non-scale model generates remarkably plausible convergence speeds, without having to introduce adjustment costs as in Ortigueira and Santos (1997) .
One further advantage of the non-scale model is that very general production structures are compatible with balanced growth paths. Previous models of endogenous growth require production functions to exhibit constant returns to scale in all accumulated factors to ensure balanced growth.
This strong requirement, which imposes a strict knife edge restriction on the production structure, has been the source of criticism; see Solow (1994) . 4 If the knife-edge restriction that generates traditional endogenous growth models is not imposed, then any stable balanced growth equilibrium is characterized by the absence of scale effects. From this standpoint, non-scale growth equilibria should be viewed as being the norm, rather than the exception, and consequently this class of models merits serious investigation.
Examples of non-scale models have been introduced by Jones (1995a) , Segerstrom (1995) and Young (1995) . Eicher and Turnovsky (1996) have since provided a general characterization of nonscale, balanced growth equilibria in two-sector models. But no comprehensive analysis of the transitional dynamics of this class of models exists, and without an understanding of the underlying dynamics, it is by no means clear that the economy will reach its equilibrium. 5 Furthermore, even if the system is stable, the relevance of the steady-state balanced growth path depends upon how rapidly the economy converges to the steady state along the transitional path. This aspect is especially crucial for neoclassical and non-scale models: even if government policy is irrelevant in determining long-run growth rates, as these models suggest, it may nevertheless be crucial in determining the transitional path for substantial periods of time. 4 Mulligan and Sala-i-Martin (1993) established a slightly weaker condition for balanced growth for a Lucas type endogenous growth model. 5 Jones (1995a) sketched the transitional dynamics of a simplified non-scale model. To reduce the dimensionality of his system, he assumes that sectoral labor allocation and investment rates are exogenous constants. A complete analysis requires these variables to be endogenously determined as part of the dynamic equilibrium.
Our analysis of the dynamics reveals that the progression from endogenous to non-scale growth models raises its dimensionality. While the standard one-sector AK model has no transitional dynamics, the non-scale growth model is described by a second-order system. This implies that a saddlepath stable balanced growth equilibrium is approached along a one-dimensional locus.
Likewise, Bond, Wang and Yip (1996) proved that the dynamics of the two-sector Lucas (1988) model can be expressed as a third order system, also having a single stable root and a one-dimensional stable manifold. In the latter two cases all variables converge to their respective steady-state equilibria at identical and constant rates; the economy possesses a unique speed of convergence.
By contrast, we show that the dynamics of the two-sector non-scale models lead to a fourth order system in appropriately scaled variables. A saddlepath stable system now has two negative eigenvalues, so that the stable manifold is a two-dimensional locus, thereby introducing important flexibility to the convergence and transition characteristics. In contrast to the neoclassical and Lucas two-sector models, there is no longer a unique constant speed of convergence. Instead, twodimensional manifolds imply that the convergence speeds will vary through time and across sectors, often dramatically so. Furthermore, the speeds of convergence of different inputs exhibit distinct time profiles, which in turn reflect the differential characteristics of their respective transitional paths. As a result, the convergence speed and transition path of output is also time varying, since its dynamics are simply a composite of the transitional characteristics of the underlying factors of production, capital, and technology. 6
These properties are consistent with the suggestion offered by Bernard and Jones (1996b) that the process of convergence is more complex than that indicated by changes in any single aggregate measure alone. These authors show that different sectors exhibit distinctly different convergence time profiles. But as noted, such diversities of convergence speeds cannot be generated by standard neoclassical or endogenous growth models. Consequently, since our analysis produces neither common transition paths and rates of convergence, nor common balanced growth rates for all variables, we conclude that the non-scale model thus addresses the empirical concerns of Bernard and Jones (1996a, 1996b) .
While the various transitional characteristics of specific variables are informative, we also suggest one comprehensive measure that summarizes the speed with which the overall economy is converging to its long-run growth path. For this purpose, the percentage change in the Euclidean distance of the two state variables, capital and technology, from their steady state serves as a natural measure of the economy's speed of convergence. This measure indicates that at any instant of time, the speed of convergence is a weighted average of the speeds of convergence of the two stocks, the weights being the relative square of their distance from equilibrium. In general, the system converges asymptotically to the new equilibrium at the rate of the slower growing stable eigenvalue.
To obtain an idea about the implied speed of convergence, we calibrate a general version of the two-sector non-scale model. Interestingly, the one-sector non-scale model's speed of convergence is slightly greater than that of the neoclassical model. Moving from one to two sectors, and introducing endogenous technological change, leads to a drastic reduction in the speed of convergence. A key result of the calibration exercises is that the magnitude of the speed of adjustment is robust throughout, and conforms closely to that observed in the data. Essentially, the accumulation of knowledge and the role it plays in slowing down investment in physical capital is similar to that played by the adjustment costs in the Ortigueira-Santos model. 7 Our results also contrast with Jones' (1995b), preliminary examination of non-scale transitional dynamics, in which he found adjustment to be excessively slow with half-lives ranging from 62 to 674 years for per capita output. 8
For completeness, we report three adjustment speeds: the time profiles of capital, technology, and the overall comprehensive distance measure. Our calibration results document the wide range of transitional adjustment paths that may result. We show that a necessary condition for monotonic 6 transitions is that the steady state levels of both variables change in the same direction (i.e., both capital and knowledge increase or decrease). But even if both variables converge monotonically, this does not imply that their speeds of adjustment are either constant or identical. Especially interesting are non-monotonic paths that involve "overshooting," in that variables along their transition paths exceed their new long run equilibrium value. For example, a shock may induce a transition during which the economy decumulates more than the necessary amount of some quantity in the intermediate term. The excessive decumulation subsequently requires an accumulation of that quantity during the final stages of transition. This contrasts with overshooting familiar from the one-dimensional transitional path, which always occurs only on impact with the arrival of new information and is therefore not generated by the system's internal dynamics.
Another interesting, but seemingly underappreciated, consequence of the two-dimensional transitional path is that it implies a potentially asymmetric adjustment with respect to positive and negative shocks of equal magnitude. In the familiar case of the one-dimensional stable manifold, the transitional adjustment to a negative shock is just the mirror image to that of the corresponding positive shock. That is not necessarily the case here. We will present an example where a positive productivity shock in the technology sector leads to a monotonic adjustment in both capital and technology, whereas a subsequent reversal of that shock may be associated with highly nonmonotonic behavior.
The rest of the paper is organized as follows. Section 2 presents the general two-sector model of economic growth. The two-sectors we consider are output and a knowledge-producing sector, also referred to as technology and R&D. We begin by deriving the equilibrium conditions and by briefly characterizing the balanced growth path. In Section 3 we analyze the transitional dynamics of a one-sector non-scale model, in which the only good is final output. This serves as a starting point in that the transitional dynamics can be easily characterized and compared to the standard onesector AK model. The speeds of adjustment in the neoclassical and in the one-sector non-scale model are shown to be similar. Section 4 lays out the formal dynamic structure of the two-sector non-scale model. Because a complete formal analysis of the fourth order system is virtually intractable, our analysis relies on numerical calibration methods, the results of which are presented in Section 5. In that Section we first identify a plausible benchmark set of parameter values. Then we proceed to examine the dynamic adjustment of the economy to various kinds of shocks and structural changes, such as variations in the parameters relating to technological change, returns to scale, preference parameters, as well as population growth.
A General Two-Sector Model of Growth
We begin by outlining the structure of a general two-sector non-scale model that features exogenous population growth and endogenously capital and technology. The properties of this base model have been discussed extensively in Eicher and Turnovsky (1996) and so our discussion can be brief, focusing only on those aspects that are most relevant to the dynamics. The model is general in the sense that we do not restrict the magnitude of the parameters ex ante, thus allowing us to replicate the features of a large variety of growth models.
We focus on a centrally planned economy and use social production functions in which externalities are internalized. The population, N, is assumed to grow at the steady rate Ý N N = n .
The objective of the planner is to maximize the intertemporal utility of the representative agent:
where C N denotes per capita consumption and 1 γ > 0 is the intertemporal elasticity of substitution.
The economy consists of two sectors, one produces final output, Y, the other technological change (new knowledge), A. The final good is produced utilizing the social stocks of technology, labor, N, and physical capital, K, according to 9
9 We use the term "social stocks" to refer to the amalgam of private stocks and those representing possible social spillovers. This allows us to specify decreasing, constant, or increasing returns to scale for F(.) without having to worry about issues pertaining to market structure. As in Mulligan and Sala-i-Martin (1993) , the elasticities derived from (1b) refer to the sum of private and social elasticities.
The fractions of labor and capital devoted to the production of the final good are θ and φ , respectively.
Physical capital accumulates residually, after aggregate consumption needs, C, have been met.
where δ K denotes the (constant) rate of physical capital depreciation. Technology is produced in an alternative sector in accordance with the production function:
using the same three factors of production, the common stock of existing technology and the remaining fractions of labor and capital, (1 − θ) and (1− φ ), respectively, and depreciates at the constant rate δ A . As discussed in Eicher and Turnovsky (1996) , equation (1d) encompasses a broad range of previously specified models of knowledge accumulation. 10 The planner's problem is to maximize the intertemporal utility function, (1a), subject to the production and accumulation constraints, (1b) -(1d), and the usual initial conditions. His decision variables are: (i) the rate of per capita consumption; (ii) the fractions of labor and capital to devote to each activity; (iii) the rate of accumulation of physical capital and technology. The optimality and transversality conditions to this central planning problem can be summarized as follows:
where ν, µ are the respective shadow values of physical capital and knowledge. These conditions are standard and have been discussed in Eicher and Turnovsky (1996) .
Balanced Growth Equilibrium
Before examining the dynamics, we characterize the balanced growth equilibrium. We define a balanced growth equilibrium to be a growth path along which all variables grow at constant, but possibly different, rates. In accordance with the stylized empirical facts (Romer 1989), we assume that the output/capital ratio, Y K , is constant. Taking the differentials of the production functions (1b) and (1c), leads to the following homogeneous system of linear equations in ˆ A ,ˆ K ,n :
where: σ x = F x x K ≥ 0 and η x = J x x J ≥ 0; x = A, N,K denote the structural elasticities in the production and knowledge sectors, respectively. These two equations represent the heart of the model in that they determine the long-run sectoral balanced growth rates and are the source of their non-scale properties and policy independence. In general, these elasticities are functions of all variables in the two production functions, except in the Cobb-Douglas case, when they are exogenous constants. Eicher and Turnovsky (1996) discuss the tradeoff between: (i) the flexibility of the production function and (ii) the generality of returns to scale, consistent with non-scale growth. They
show that the Cobb-Douglas imposes the fewest restrictions on sectoral returns to scale for a balanced growth equilibrium to prevail. Since we shall employ numerical computations to examine the dynamic properties of the model, henceforth we will assume Cobb-Douglas functional forms.
For n > 0, equations (4a) and (4b) jointly determine the rates of growth of physical capital and knowledge as functions of the population growth rate and the various production elasticities in the two sectors:ˆ
where Eicher and Turnovsky (1996) show that
is a necessary and sufficient condition to attain positive growth rates. It is evident from (5a) and (5b) that the relative sectoral growth rates depend upon the assumed production elasticities.
Returns to Scale and Balanced Growth
Since the relationship between returns to scale and relative growth rates is of interest to us in our calibrations, we briefly review some of these relationships that were previously examined by Eicher and Turnovsky (1996) . We assume that the two production functions F and J are homogeneous of degrees k and a in the three factors A, N, and K, separately, so that
Combining these definitions with the solutions (5a) and (5b), we find that relative sectoral growth rates and returns to scale are related by:
The effect of returns to scale on the growth rate of the endogenous factors thus depends on the quantities (1 − s) σ N and (1 − r) η N . They represent the ratio of deviation from constant returns to scale of the endogenously growing factors (K and A), to the returns to scale of the exogenously growing factor in the respective sectors. These quantities may either be positive, if there are decreasing returns in K and A, or negative in the case of increasing returns. Capital grows faster than technology if this ratio of returns to scale in endogenous versus exogenous factor is larger in the technology sector than it is in the output sector. This will be so if: (a) economies of scale of the endogenous factors in the output sector are sufficiently greater than they are in the technology sector, or (b) the returns to scale to labor in the output sector is sufficiently greater than those in the technology sector. In addition, output and capital grow faster than knowledge if the final goods sector is subject to increasing returns to scale in all three factors (k > 1), while knowledge is subject to corresponding decreasing returns to scale (a < 1) . The contrary applies if these returns to scale are reversed. 11 Moreover, Eicher and Turnovsky (1996) show that it is even possible to find degrees of decreasing returns to scale in both sectors may be consistent with positive balanced growth.
Dynamics in the One-sector Non-scale Model
We start our examination of the dynamics by considering the simplest non-scale model, one with a distinct AK character. The main virtue of this is pedagogic, in that analytical results are easily obtained. In Section 4 below, we examine the full fledged two-sector non-scale model. However, the complexity of closed form analytical solutions in that case requires us to resort to numerical computations in order to characterize the transition paths.
The generic one-sector non-scale model can be parameterized conveniently by setting
, so that output is determined by:
Given this production function, the optimal path for aggregate consumption, obtained by differentiating (2a) and combining with (2c) and (2d) yields:
11 The insight that output and technology need not grow at identical rates is simple, but clearly differentiates this model from Jones (1995b) . This aspect will have important implications for our simulation results. Most notably, to calibrate the model to the US economy, Jones takes the population and per capita growth rates of 2% as given. In his model this immediately yields a linear relationship between admissible magnitudes of η A and η N . Both elasticities are unconstrained in our framework.
while goods market clearance, (1c) is given by
The long-run balanced growth path in this one-sector economy is given bŷ
Our objective is to derive the transitional dynamics around the long-run balanced growth equilibrium (8) and to do so it is convenient to transform the system in terms of the stationary
) . The stationary quantities k, c can be characterized as "scale adjusted" per capita quantities and in the case that the social production function, (7a), has constant returns to scale, they reduce to standard per capita quantities.
)n, and combining with (7b) -(7c), we may express the dynamics of the system in the form:
The steady-state values of the transformed variables, ˜ k ,˜ c , are given by:
Thus, linearizing (9a), (9b) around (10a), (10b), the transitional dynamics may be approximated by:
From (11) it is clear that the system is saddlepath stable if and only if σ K < 1. In that case, the stable saddlepath in c-k space is described by
where µ 1 < 0 represents the stable eigenvalue and the locus is attained by an initial jump in the consumption-capital ratio, c. Equations (12) imply that along the stable saddlepath consumption increases with capital, just as it does in the conventional one-sector Ramsey growth model.
Since our focus is on growth rates it is convenient to focus on the transitional adjustment of the growth rate of capital, Ý K K , which from (9) and (12) can be expressed in terms of the evolution of the state variable, k, in the form:
As k, increases, the marginal productivity of capital declines, thereby leading to a decline in the growth rate of capital, as illustrated by the stable adjustment path illustrated in Fig. 1a .
To illustrate the dynamics and to contrast the behavior of the non-scale growth model to the standard AK model, consider an increase in ρ , the rate of time preference. In the conventional onesector AK model of Barro (1990) and Rebelo (1991) , for example, this causes an immediate increase in the consumption-wealth ratio and the growth rate falls instantaneously and permanently.
In the non-scale growth model the higher rate of time preference has no permanent effect on the growth rate, though there is a temporary effect. The adjustment is illustrated in Fig. 1a 
we find that the stable eigenvalue µ 1 = −0.1058, implying that the rate of adjustment is over 10% per annum. 12 This speed, while characteristic of other numerical simulations of the one-sector growth model, is implausibly rapid, as previous authors have noted.
Dynamics of a Two-Sector Model
We now turn to the dynamics of the two-sector model to ascertain qualitative insights into the transition in non-scale models. Following most of the literature, we shall assume that capital enters only the final goods sector. Thus, imposing the Cobb-Douglas specification, the production functions are of the form:
12 In all of our simulations the choice of parameters is based on the unit time interval being one year.
where α F , α J represent exogenous technological shift factors to the production functions. This modifies equations (5a), (5b) such that the balanced growth rates of output, capital, technology consumption, and the respective shadow values are given bŷ
If the production function for knowledge has constant returns to scale (as we shall assume for the benchmark case in our numerical analysis), the growth rate of the final output sector becomes:
and depends upon production elasticities alone. Thus β K < > 1 according to whether there are increasing or decreasing returns to scale in producing output. 13 To derive the dynamics about the balanced growth path we define the following stationary
analogous to k and c introduced in Section 3, except that labor is now scaled in accordance with the equilibrium growth factor in that sector. For convenience, we shall refer to y,k,c, and a as per capita quantities. Using these variables allows us to rewrite per capita output and technology as
13 This technology is somewhat more general than Jones, who in terms of our notation specifies that the production functions for final output is constant returns to scale in physical capital and knowledge-adjusted labor, AN:
; η K = 0 resulting in a growth rate of
The striking feature of the equilibrium growth rate in the Jones model, is that per capita consumption, per capita output and capital, and technology must all grow at a common rate determined by: (i) the growth rate of labor, and (ii) the elasticities of labor and knowledge in the R&D sector alone; the characteristics of the final output sector are irrelevant.
The optimality conditions then enable the dynamics to be expressed in terms of these scale-adjusted variables, as follows. First, the labor allocation condition (2b) can be expressed in the form
enabling us to solve for the fraction of labor allocated to output:
Intuitively, an increase in the relative value of capital attracts labor to the output (capital-producing)
sector. An increase in the stock of physical capital raises the productivity of labor in producing final output and thus also attracts labor to that sector. By contrast, an increase in technology, being an input in both sectors, will raise the productivity of labor in both sectors and cause a net shift in employment toward the sector in which knowledge has the greater production elasticity (is more productive).
The shadow values of capital and technology, determined by (2c) and (2d) can be expressed as:
Taking the time derivative of (2a) and combining with (20a), the growth rate of aggregate consumption is given by
Using these first order conditions the dynamic system can be expressed in terms of the redefined stationary variables by:
where θ is determined by (19) . To the extent that were are interested in the growth rates of capital and knowledge, themselves, they are given by
The steady state to this system, denoted by "~" superscripts, can be summarized by:
together with the two production functions (18a, 18b), and the labor allocation condition (19). These seven equations determine the steady-state equilibrium in the following sequential manner. First, (22d) determines the output-capital ratio, so that the long-run net return to capital equals the rate of return on consumption. Notice that the elasticity γ raises or lowers the long-run output-capital ratio depending upon whether β K < > 1. If the production function J has constant returns to scale, ˜ y ˜ k is independent of the production elasticities, η N , η A , of the knowledge-producing sector. Likewise, (22b) yields the gross equilibrium growth rate of knowledge, ˜ j ˜ a =˜ J ˜ A , in terms of the returns to scale, β A , and the rates of population growth and depreciation. Having obtained the output-capital ratio, (22a) determines the consumption-capital ratio consistent with the growth rate of capital necessary to equip the growing labor force and replace depreciation. Given
implies the sectoral allocation of labor, ˜ θ , at which the rates of return to investing in the two sectors are equalized.
Given ˜ θ , and ˜ j ˜ a , the production function for knowledge determines the stock of knowledge, ˜ a , while the production function for output then yields the stock of capital, ˜ k . Finally,
having derived ˜ θ , ˜ a , ˜ k , the labor allocation condition determines the long-run equilibrium relative shadow value of the two assets, ˜ q .
Linearizing around the steady state denoted by ˜ k ,˜ a ,˜ q ,˜ c , the dynamics may be approximated by the following fourth order system:
where we define:
It is straightforward (but tedious) to show that the determinant of this matrix is proportional to
. Imposing the condition that σ K < 1, η A < 1 implies that the determinant is positive which means that it has either 0, 2, or 4 positive roots. Under weak conditions it is possible to rule the first case. However, we are unable to rule out the exploding system with four unstable roots, although none of simulations yielded such a case. Indeed, all of our numerous calibrations that generated meaningful steady-state equilibria yielded two-dimensional saddlepaths with 2 positive and 2 negative eigenvalues. Since the system features two state variables, k and a, and two jump variables, c and q, the equilibrium yields a unique stable adjustment path.
Characterization of Transitional Dynamics
Henceforth we assume that the stability properties are ensured so that we can denote the two stable roots by µ 1 ,µ 2 , with µ 2 < µ 1 < 0. The key variables of interest are physical capital, and technology. The generic form of the stable solution for these variables is given by: 
In studying the dynamics, we are interested in characterizing the slope along the transitional path in ak space. In general, this is given by: (26) and depends upon the source of the shock.
It is convenient to express the dynamics of the state variables in phase-space form:
By construction, the trace of the matrix in (27) =µ 1 + µ 2 < 0 and the determinant = µ 1 µ 2 > 0 , so that (27) describes a stable node. The dynamics expressed in (24) and (27) are in terms of the scale adjusted per capita quantities, from which the growth rates of capital and knowledge, themselves, these can be derived.
Equations (24a) and (24b) highlight the fact that with the transition path in k and a being governed by two stable eigenvalues, the speeds of adjustment for capital and knowledge are neither constant nor equal over time. In addition, with output being determined by capital and technology, the transition of output is also not constant over time, but is a simple composite of the transition characteristics of a and k as determined in (27). relative to the new equilibrium, while the reverse negative shock starts if the new equilibrium is at a point such as B relative to the original equilibrium. 14 An example of this is provided in Fig. 5a and Fig. 5e .
Much of the literature emphasizes the speed of convergence; see Barro and Sala-i-Martin (1992) and Ortigueira and Santos (1997) . In the neoclassical growth model, for example, or in the two-sector Lucas model, where the stable manifold is a one-dimensional locus, the transitional adjustment of a typical variable, x, is described by Ý x = µ(x(t) −˜ x ) , so that the speed of adjustment,
is parameterized unambiguously by the magnitude of the unique stable eigenvalue.
By contrast, in the present example where the stable transitional path is a two-dimensional locus, the speed of convergence in general varies over time and across variables. Although each specific speed and corresponding transition path may be informative, it is nevertheless desirable to have one comprehensive measure that summarizes the speed of convergence of the overall economy.
For this purpose the percentage change in the Euclidean distance:
serves as a natural summary measure of the speed of convergence. Thus
and is seen to be a direct generalization of the one-dimensional measure. In that case, all variables converge at the same rate, and (28) reduces to the (single) eigenvalue. In the present example, (28) indicates that at any instant of time the generalized speed of convergence is a weighted average of the 14 We should emphasize the reason why this may occur is because the Ý k = 0, Ý a = 0 lines that identify the various regions in the phase diagram Fig. 1b are subject to nonparallel shifts between equilibria. speeds of convergence of the two stocks, the weights being the relative square of their distance from equilibrium. It is straightforward to establish that lim t→ ∞ Ý V (t) V(t) ( ) = µ 1 , so that asymptotically the system will converge to the new equilibrium at the rate of the slower growing stable eigenvalue.
Numerical Analysis of Transitional Paths
We turn now to the numerical analysis of the transitional paths. There are several objectives that we seek to achieve. First, we employ standard parameter values to establish a benchmark economy. This simulated economy provides insights into how well the general non-scale model replicates key variables of actual economies. We focus on three aspects: growth rates, output shares, and speeds of convergence. Second, we conduct sensitivity analysis, to test the robustness of our results to shocks in the underlying parameters. Finally, we characterize the transitional paths of both the levels and growth rates of capital and technology, and introduce our Euclidean distance measure of the overall economy-wide speed of convergence.
Benchmark Economy
To establish benchmark values for our economy we employ values for our fundamental parameters that are essentially identical to those suggested by previous calibration exercises; see, for example, Prescott (1986), Lucas (1988) , Ortigueira and Santos (1997) , and Jones (1995b):
Production parameters:
Preference parameters: ρ = 0.04, γ = 1.5
Depreciation and population parameters:
The economy is one in which the production of final output is subject to mildly decreasing returns to scale in capital and labor, but subject to mildly increasing returns to scale with the inclusion of knowledge. The production of technology is subject to constant returns to scale. The rate of time preference is 4 per cent, while the intertemporal elasticity of substitution is 0.67. Physical capital is assumed to depreciation at 5 percent, while knowledge depreciates at a slower rate of 1.5 percent.
Population is assumed to grow at 1.28 percent, the current U.S. growth rate. The only area of ambiguity is the specification of the production function for research. Given our reading of the data, we felt most comfortable assuming constant returns to scale in research. 15 All assumptions on the magnitudes of parameters and returns to scale are challenged in our sensitivity analysis below. Our initial objective is simply to establish a "consensus benchmark."
We group the resulting endogenous variables into three groups. The balanced growth rates of capital (output), and technology; key equilibrium ratios, including the output-capital ratio, the share of consumption in output, and the share of labor employed in the output sector; the convergence speed. All turn out to be remarkably plausible. 15 The empirical literature on research functions is sparse, especially if one requires separate elasticities for labor and technology. Adams (1990) and Caballero and Jaffee (1993) are examples of thorough empirical investigations that are ultimately unsuccessful in reporting separate elasticities for labor and technology. Kortum (1993) derives values of about .2 by extrapolating results from aggregate patent data. Jones and Williams (1995) obtain estimates between .5 and .75, these however, are a function of their assumed rate of growth and the assumed share of technology in research. In summary, the magnitude of the elasticities seem to be clustered around .5, and contained with a range of .1 to .9. Beyond that, hopes to obtain exact estimates are unrealistic, since all depends on the specification of the research function in the regression and on the type of R&D data employed. Given the slight increasing returns in the final good sector, the growth rate of capital and output of 1.46 percent exceeds that of technology, which grows at the rate of population growth (see equation 6). The capital-output ratio is approximately 3, while around 81 percent of output is devoted to consumption. Slightly more than 96 percent of the work force is employed in the output sector, with the balance of around 4 percent employed in producing knowledge. As indicated in Section 4, the larger of the two stable eigenvalues, µ 1 , implies that the system adjusts asymptotically at an annual rate of about 2.4 percent, again consistent with the empirical evidence.
Growth Ratesˆ

Alternative Specifications
The benchmark is specific to our assumptions on the fundamental parameters and to determine the robustness of its characteristics requires a sensitivity analysis. This serves two additional purposes. First, it shows the wide range of values that are consistent with balanced growth paths (as pointed out in Section 3). Second, the parametric changes provide us with examples of the types of shocks that generate distinct qualitative transition paths, the general form of which was outlined analytically in Fig. 1b .
We conduct a number of experiments in which we choose to vary one or more parameters contained in the following three categories: (i) productivity shocks to output (reported in Table 2 ),
(ii) productivity shocks to knowledge (in Table 3 ), (iii) changes in structural parameters (Tables 4-6 ).
Since our analytical results in Section 3 highlighted that the structural elasticities are of key importance in the non-scale model, group (iii) is further subdivided into two sub-categories. First, we examine variations in these parameters while retaining the returns to scale assumptions of the benchmark model (Tables 4 and 5 ). Second, we allow for variations in the returns from scale (Table   6 ), to address the relationships summarized in equation (6).
Aside from the tables that report the changes in the key variables, we also provide the locus of the transition paths for technology and capital (levels and growth rates) and the economy-wide Euclidean speed of convergence (Figs. 2-8 ).
Balanced Growth Rates
Two issues are of interest when investigating long-run growth rates in a non-scale model.
First, we verify the invariance of long-run growth rates with respect to parameters that are known to influence long-run growth rates in previous endogenous growth models. Tables 1 -6 document that changes in key productivity or preference parameters, such as α F ,α J ,ρ have no influence on longrun growth rates. This is a manifestation of the non-scale aspects of the model, since these can be viewed as embodying scale effects. Instead, from Tables 1 -6, we verify that the long-run growth rates are determined exclusively by the magnitudes of the assumed production elasticities in technology and output, in conjunction with the population growth rate; equation (5) implies that changes in n, increase the growth rates in both sectors proportionately. Per capita growth rates in the benchmark economy are relatively low (zero for knowledge). This is a direct consequence of the chosen production specifications, and Table 1a shows that it is easy to increase these rates by increasing the external effects in knowledge (R&D) slightly.
Second, we provide examples for the unique feature of the model where capital (output) and technology grow at differential rates along the balanced growth path. The analytics in Section 3 established a general relationship between returns to scale, the endogenous and exogenous factors' structural elasticities and the relative magnitude of the growth rates. From equation (6), the steadystate capital and output growth rate of 1.46 percent in the benchmark economy exceeds the growth rate of knowledge and population, due to the increasing returns in production and constant returns in R&D. Alternatively, if we assume greater returns to scale in the knowledge sector (Table 6 , row 3 is the only example) we find that the growth rate of technology exceeds that of output and capital.
Output-Capital, Consumption-Output, Employment Ratios
A surprising feature of the model is not only how well the capital, consumption and labor shares in output reflect real world magnitudes, but also how robust the results are to significant changes in the underlying parameters. With only a few exceptions, all simulations produce an outputcapital ratio of about 0.35, a consumption share in output of about 80 percent, and 96 percent share of the labor force employed in the output sector.
The exceptions to the above values are intuitive. Higher output-capital ratios are generated by high rates of population growth (2.5% in Tables 2 and 3) , high rates of time preference (10% in Tables 2 and 3) . Also, the greater the returns to scale in the technology sector and the greater the share of technology in the R&D sector relative to the output sector, the higher the output-capital ratio (Tables 5 and 1a ). The consumption to output ratio is sensitive to the rate of time preference, and we show that the specified increase in the rate of time preference raises the consumption to output ratio by about 10 percent (Tables 2 and 3 ). The C Y ratio is also sensitive to the rate of depreciation of capital (Table 4 ). The share of labor employed in the final good sector, θ , is robust, remaining around 96 percent across changes in the fundamental parameters, α F ,α J ,ρ,n . This share is, however, sensitive to changes in the returns to scale, and especially to the share of technology in the final output and technology sectors (Table 6 , 5 and 1b), which increases the return to technology and induces the employment of a larger share of labor in that sector.
The Speeds of Convergence
Asymptotic Convergence
As indicated in Section 4, the larger stable eigenvalue, µ 1 , determines the asymptotic speed of adjustment. In the benchmark economy this convergence speed is around 2.4 percent, consistent with the empirical evidence. One striking feature of the benchmark results is that the introduction of the knowledge-producing sector dramatically slows the asymptotic speed of convergence from over 10 percent (in the one-sector model) to about 2 percent once knowledge production is considered.
This crucial result is remarkably robust across variations in parameters and policy shocks. Tables 1 through 6 show that the asymptotic speed of adjustment ranges from around 0.8 to 5.6 percent for the cases when the shares of labor in the R&D sector are dramatically decreased or increased (Tables 5 and 6 ). In general, all other variations of the underlying base parameters, α F ,α J ,ρ,n , yield a range of the speed of convergence of between 1.6 and 3.3 percent, which represents a remarkably tight fit.
Transition speeds
To obtain a complete picture of the transition speed, it is important to look beyond the asymptotic speed of adjustment. For this purpose we consider our comprehensive Euclidean measure of convergence (Figs. 2b-8b) , from which two important observations follow. First the speed of adjustment is not constant, since the fourth order system possesses two stable roots. Second, the adjustment toward the steady state might involve accumulation of technology accompanied by decumulation of capital, as the transitional path loops around, so either one measure of convergence would be misleading.
The figures show that the speed of transition never exceeds 10 percent, even in the initial phases of transition despite the fact that we allow for significant production and technology shocks.
Frequently, our simulations produced transition speed around 3% initially. Interestingly enough, even the Euclidean adjustment measure need not be monotonic (Figs. 5g and 7b) if either capital or technology contracts excessively during transition and then recovers.
Transitional Adjustment Paths
The adjustment paths for capital and technology are illustrated in Figs 2a -8a, Fig. 5e by the lines with arrows. They turn out to be remarkably different across changes in parameters. This highlights the crucial difference between steady states and transition in the non-scale model. We present a number of examples of possible transition paths that are generated by alternative classes of parametric changes
Productivity Increase in Final Goods Sector:
The dynamic adjustment to a simple increase in the productivity in the final sector ( α F = 1 to α F = 2 Fig. 2a) is an example of the path described by a transition from (A) in Fig. 1b . Essentially same shape of the transition path applies if we also lower the intertemporal elasticity of substitution (Fig. 3a) , by increasing γ from 1.5 to 5. In the latter case, however, the higher rate of return to consumption, and the resulting increase in steady-state consumption, leads to less expansion in the long-run capital stock and prevents the stock of knowledge from being restored to its original level.
The intuition underlying these two transition path is as follows. In both cases, the increase in productivity of the output sector attracts resources to that sector and away from the knowledgeproducing sector. The initial accumulation of the per capita capital stock is accompanied by a reduction in knowledge to a degree that its rate of falls short of the depreciation rate. The decline in knowledge and the increase in capital raises the relative return to investing in knowledge, relative to the return on capital. Thus, after following a path of initially declining knowledge and increasing capital, the return to investing in knowledge rises sufficiently to induce the central planner to begin reinvesting in the accumulation of knowledge. The speed of capital accumulation slows dramatically during the last stages of transition as it declines to its steady state growth rate, while the speed of technology accumulation increases to return to its long run growth rate. Fig. 4 illustrates the case where the productivity increase is accompanied by in the population growth rate from 1.28% to 2.5%. It highlights how the transition is now distinctly different from the previous cases and is an example for transition path (B) in Fig. 1b . In contrast to Figs. 2 and 3 where the stock of knowledge overshoots during the transition, it now declines monotonically, while the stock of capital now overshoots its long-run response. Capital is being accumulated during the early and middle stages of transition and then decumulated during the latter stages of the transition. As in
Figs. 2a and 3a, the productivity shock to the final output sector induces an initial reduction in investment in knowledge and increase in investment in capital. As k increases and a declines, the productivity of knowledge rises, but now by an insufficient amount to offset the higher population growth rate, so that a declines monotonically. Likewise, the accumulation of capital reduces the productivity of capital such that given the higher population growth rate, it eventually declines as well.
It is important to note that technology and capital grow at different speeds, both compared to each other and over time. Most interestingly, in the case of a productivity shock alone, and also when this is accompanied by an increase in the intertemporal elasticity of substitution, the growth rate of technology declines initially, and then increases above its long run level before approaching its stationary state from above (Figs. 3c, 3c ). This sectoral and intertemporal variation in adjustment speeds highlights the importance of having a summary measure of the aggregate rate of convergence, such as the distance measure Ý V (t) V (t).
Productivity Increase in Knowledge Sector:
The second group of experiments consists of various parametric changes associated with changes in the productivity of the knowledge sector, α J = 1 to α J = 2 . The parameter changes are summarized in Table 3, while Figs. 5 and 6 illustrate the corresponding transitional dynamic adjustments. This group of simulations provides a particularly instructive example of the significance of two stable roots and the importance of twodimensional transition paths.
Analogous to the productivity shock in the output sector which increases the steady-state stock of capital, we now find that the productivity shock in the knowledge sector raises the equilibrium stock of knowledge, ˜ a . However, now we find an additional effect. Since the production function for output, (20a) implies that an increase in ˜ a raises the productivity of physical capital, capital must increase as well, in order for its average product, ˜ y ˜ k , to remain constant. Thus in contrast to a productivity shock in the output sector, an increase in the productivity of the knowledge-producing sector leads to long-run increases in the stocks of both knowledge and physical capital, although the increase is heavily biased toward the latter.
The transitional adjustments are markedly different from our previous cases. An increase in the productivity in the knowledge sector causes monotonic adjustment, in contrast to the overshooting during the transition in the case when the productivity in the final goods sector rises.
The adjustment path when only the productivity of the research sector is increased (Fig. 5a ) serves as an example for a transition from point E in Fig. 1b .
The increase in productivity in the technology sector attracts resources to that sector, so that the growth rate of knowledge initially rises (Figs. 5c, 6c ). Since physical capital is not an input into knowledge production, even its initial decline (as in Fig. 6a ), does not have an adverse effect on the productivity of new knowledge. The growth rate of capital falls below that of technology, due to the fact that the expansion in capital occurs as a result of the higher stock of knowledge, which takes time to accumulate. In the intermediate term, however, the acceleration in the rate of capital peaks and then declines back to its long run value in what is a very slow transition (Figs. 5d, 6d ).
The initial decline of the capital stock in Fig. 6a , when the technology shock to knowledge is accompanied by a higher intertemporal elasticity of substitution, generates an example of (D) in Fig.   6a . The intuition for the initial decline is as before. With β K > 1, the decline in the elasticity of intertemporal substitution raises the long-run rate of return on consumption, and induces a long-run substitution toward consumption and away from the accumulation of both physical capital and knowledge; see (22d). While the shift toward consumption reduces the long-run stocks of both technology and capital, it is sufficient to cause overshooting during the transition adjustment phase.
To highlight the role of the two-dimensional transition path, the panel on the right hand side of Fig. 5 illustrates the case of a fall in knowledge-producing productivity from α J = 1 to α J = 0.5.
The contrast in the transitional path in this case from the corresponding increase (given in the left hand side panel) highlights how different the speed of and transition adjustment may be, depending on the initial conditions and depending on the type of shock. Initially one might think that halving the productivity would simply imply a reverse monotonic transition to doubling it, as in Fig. 5a . But that is not the case, as the transition path is now similar to (B) in Fig. 1b . The growth rate of capital overshoots its long run growth rate significantly, and leads to a non monotonic adjustment not only of capital but also of the aggregate speed of adjustment as given in Fig. 5f .
Returns to Scale:
The final set of transition results reported here pertains to returns to scale. Thus far, we have held the returns to scale fixed at 1.1 in the case of output, and to 1 for the production of knowledge. Table 6 considers variations in the degrees of returns to scale. First, we subject both sectors to mildly diminishing returns to scale. As pointed out in Section 3, the model is extremely flexible and allows for a wide range of parameters consistent with decreasing returns in both sectors to generate balanced growth.
With decreasing returns in output and technology both the long-run capital and knowledge grow slower than the population growth rate. The transition from the benchmark case to diminishing returns in both sectors involves substantial reductions in the capital stock and knowledge (Fig. 7 ).
Both these reductions occur monotonically at a balanced rate and the overall speed of adjustment in the economy is virtually constant at around 2.7 percent. Constant returns to both sectors lead to similar patterns of long-run responses and transitional adjustment paths. Both are examples of (F)-type adjustments in Fig. 1b .
Increasing returns to scale in both sectors leads to long-run growth rate of capital and labor which greatly exceed the growth rate of population. The transition is essentially the reverse of the first case two cases presented in Table 3 . Figure 8 is an example of (E)-type adjustment in Fig 1b. Both capital and technology increase monotonically. Because of the extreme returns to scale being assumed in the production of knowledge, technology experiences a bigger boost in its growth rate during early stages than does capital. The transition to the steady-state rate of convergence of around 1.23 percent occurs quite rapidly. The higher productivity of knowledge in producing new knowledge also attracts more labor to that sector.
Decreasing returns to scale in output accompanied by increasing returns to scale in knowledge leads to long-run per capita growth in both capital and knowledge, consistent with the formal propositions of Eicher and Turnovsky (1996) . Because the returns to scale being assumed for knowledge dominate, the long-run response and transitional adjustment are essentially similar to the case of uniformly increasing returns.
Conclusions
The determinants of long run growth rates and the characteristics of economies' transitions to their balanced growth paths are central to theories of economic growth. The traditional one-sector neoclassical growth model and the two-sector endogenous growth models imply a uniform speed of convergence, both through time and across different sectors of the economy. As a consequence, much empirical research has focused on monotonic convergence in per capita output only, with the implication that this was an adequate representation of the economy-wide speed of convergence.
Recent work has called into question the empirical validity of this approach, suggesting that a more flexible view to convergence issues is required; see e.g. Barro and Sala-i-Martin (1995, Chapter 8) and Bernard and Jones (1996a, 1996b) . In this paper we have provided such an approach by introducing a hybrid two-sector non-scale growth model that possesses features of both neoclassical and endogenous growth models. We show that the non-scale model easily accounts for reasonable speeds of convergence, in contrast to neoclassical models, but it can also account for conditional convergence, in contrast to endogenous growth models.
One of the advantages of the non-scale growth model resides in its generality. Balanced growth is consistent with increasing and/or decreasing returns in one or both sectors. In addition, the model allows for differential long-run sectoral growth rates. Previous models rely on knife edge conditions to attain their balanced growth paths. The neoclassical model required constant returns to scale in capital and exogenously growing labor, while endogenous growth models require constant returns to scale in the factors being accumulated.
With respect to the transitional characteristics, the key difference from previous growth models is that non-scale models raise the dimensionality of the dynamics. In contrast to AK models that always lie on their balanced growth path, the one-sector non-scale model is characterized by a one-dimensional stable locus. In contrast to two-sector Lucas-type endogenous growth models, the stable manifold of the two-sector non-scale model is not one, but two dimensional. This enriches the transitional dynamics, allowing for variable speeds of convergence over time and across different sectors in the economy. With the wide range of adjustment paths that are now possible it is necessary to consider a single summary measure of the economy-wide adjustment speed and for this purpose we adopted the percentage rate of change of the conventional Euclidean distance measure.
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